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W. Matthew Michael
Checkpoints have been a staple of eukaryotic cell cycle
research for the past decade, but little is known about
checkpoints in prokaryotes. New work on sporulation in
Bacillus fills that gap by showing that such control
systems function to coordinate aspects of the bacterial
cell cycle.
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Eukaryotic cells contain surveillance systems that monitor
chromosomes and respond to chromosomal trauma by shut-
ting down the cell cycle. This type of regulation, termed
checkpoint control, protects cells from propagating muta-
tions through attempting mitosis with unstable genomes
[1]. In mammalian cells a major pathway that mediates
checkpoint control is the DNA damage-induced transcrip-
tional activation of p21 by p53 [1]. Expression of p21 has
immediate effects on the cell cycle as p21 is a potent
inhibitor of the cyclin-dependent kinases that drive cell
cycle progression. This basic strategy, where an unstable
genome arrests cell division through induction of a kinase
inhibitor, is no longer exclusive to eukaryotes. In a remark-
able piece of recent work, Burkholder et al. [2] provide evi-
dence that the bacterium Bacillus subtilis employs this
paradigm when chromosomal replication difficulties are
experienced prior to entry into sporulation.
In response to nutrient deprivation B. subtilis differentiates
into a compact and durable entity, the spore. This process,
termed sporulation, is initiated when cells sense a reduc-
tion in available nutrients and divide asymmetrically to
produce an endospore and mother cell [3]. The mother cell
engulfs and nurtures the endospore, and eventually lyses
to release the mature spore into the environment. It has
been known for some time that Bacillus requires that a
round of DNA replication be initiated as a condition for
activation of the sporulation pathway [4]. This was inferred
from genetic experiments showing that replication initia-
tion mutants fail to sporulate in response to the starvation
signal. Pursuing this observation, Burkholder et al. [2] have
now shed light on molecular mechanisms for how sporula-
tion is dependent on replication initiation.
The story begins with DnaA, a DNA replication initia-
tion factor in Bacillus. DnaA binds directly to DNA, to a
specific sequence, and participates in origin usage during
initiation. A temperature-sensitive mutant of DnaA, dnaA1,
supports DNA replication but fails to sporulate at the per-
missive temperature [5]. To understand the connection
between initiation of replication and sporulation, Burk-
holder et al. [2] mutagenized dnaA1 cells and looked for
mutants that regained the ability to sporulate. Five such
mutants were recovered, and they all mapped to a previ-
ously uncharacterized gene that was named sda, for sup-
pressor of dnaA1. Molecular analysis of sda revealed a gene
with the potential to encode a very small protein, either 52
or 46 amino acids, depending on which methionine is used
as the initiator. Over-expression of the sda locus blocked
sporulation in otherwise wild-type cells. Because the pre-
dicted protein was so small — small enough to be dis-
missed as intergenic sequence during annotation of the
Bacillus genome — Burkholder et al. [2] were careful to
demonstrate that it was the translated product of the sda
gene that was indeed responsible for inhibiting sporula-
tion. Therefore, the diminutive Sda protein is a bona fide
negative regulator of sporulation. 
But how? Using biochemical methodologies [2], it was
shown that Sda is an inhibitor of the multi-component
phospho-relay reaction that results in phosphorylation of
the Spo0A transcription factor. Spo0A, which activates
sporulation-specific genes, is turned on in response to the
starvation signal through a kinase cascade involving three
histidine kinases, KinA, KinB, KinC [6]. During starvation,
these kinases autophosphorylate and then donate phos-
phate to Spo0F. Spo0F transfers phosphate to Spo0B, which
in turn transfers phosphate to Spo0A, causing its activation
and initiation of sporulation. The Sda target in this
pathway appears to be the KinA and KinB kinases. Burk-
holder et al. [2] showed that Sda directly inhibits KinA
kinase activity, and also that over-expression of sda does
not require KinA to block sporulation. Given that KinA
and KinB act redundantly to promote sporulation, it seems
likely that KinB is also a Sda target.
The finding that sda mutants suppress the dnaA1 sporula-
tion defect, combined with biochemical data showing that
Sda inhibits the KinA kinase, suggest that Sda is a key
intermediary in the reaction pathway that couples replica-
tion initiation to sporulation. But is Sda connected specifi-
cally to DnaA, or to the replication initiation process? To
gain insight, sda expression in other replication initiation
mutants was analyzed. Consistent with a model where sda
expression is induced if replication cannot initiate, Burk-
holder et al. [2] found that sda expression was signifi-
cantly enhanced, relative to wild type, in dnaB19 mutants.
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Furthermore, expression of sporulation-specific reporter
genes is re-established in dnaB19 cells when sda is deleted.
Therefore, as DnaB is a replication initiation factor distinct
from DnaA, the data suggest that the Sda pathway repre-
sents a general response to conditions where replication
initiation is prevented. 
These results provide a satisfying solution to previous
observations that sporulation requires initiation of replica-
tion. It seems that a failure to initiate replication somehow
induces sda expression, which in turn inhibits Kin kinases,
thus preventing Spo0A phosphorylation and the initiation
of sporulation. The big question now involves the mecha-
nism by which sda is induced when replication initiation is
blocked. Burkholder et al. [2] present some intriguing hints,
and the story here once again begins with DnaA. Beyond
its role in the initiation of DNA replication, DnaA is also
known to regulate transcription of genes that contain
within their promoters DnaA binding sites [6]. A potential
new member of DnaA-regulated genes is sda itself. Burk-
holder et al. [2] note that the sda promoter contains five
perfect or near-perfect copies of the DnaA recognition
motif, and that this arrangement is conserved in sda genes
from other species of Bacillus. Furthermore, these putative
DnaA binding sites in the sda promoter represent hotspots
for inactivation of sda as three of the original sda mutations
isolated in the dnaA1 suppressor screen map to alterations
within these sites. Therefore, it seems likely that DnaA in
some manner regulates sda expression.
A simple interpretation of the Burkholder et al. [2] data is
that Sda functions to prevent sporulation when replication
initiation factors are inactive. However, the idea that Sda
exists solely for this purpose is flawed, as it is difficult to
justify a checkpoint that prevents an event — sporulation
— in response to an irreparable problem — mutated initia-
tion factors. And even if this is so, what, if any, is the func-
tion of Sda in wild-type cells? An interesting possibility is
that Sda normally functions to coordinate replication with
sporulation during starvation.
Prior to cell division during starvation the bacterial chro-
mosome must be replicated once and only once, so that
each cell type receives a single, intact copy. Therefore,
replication and division must be precisely coordinated
during sporulation so that partially or over-replicated chro-
mosomes are not segregated to the endospore. Genetic
experiments have suggested that cells accomplish this
coordination by allowing downstream sporulation events,
such as Spo0A activation, to occur only after DNA replica-
tion has initiated [4]. One way this could happen is if
DnaA induces expression of Sda at the same time that it
initiates DNA replication. Under these conditions, Kin
kinases would be held inactive while replication is initi-
ated, thus ensuring that Spo0A activation waits for DNA
replication to pass through the initiation phase. In this sce-
nario Sda, by responding to active DnaA, monitors the
state of replication and communicates this to the sporula-
tion machinery.
How then would the system feedback and allow sporula-
tion after the replication initiation requirement had been
satisfied? This would require that the activity of DnaA
drops after initiation of replication, and indeed there is
good evidence that this is so. DnaA is an ATP-binding
protein [7], and the ability of DnaA to initiate replication
Figure 1
A model for the coupling of replication initiation to sporulation in
Bacillus. In the figure, two regions of the Bacillus chromosome are
depicted, the origin of replication and the sda locus. When cells are
deprived of nutrients the sporulation process begins by initiating a
round of DNA replication. In this model DnaA, a replication initiator
protein, is also a positive regulator of sda expression. Early in the
process cells commit to sporulation, and DnaA, in the ATP-bound form,
occupies both the origin of replication and the sda promoter. As
replication initiates, DnaA-ATP also induces expression of sda, which
accumulates and inhibits Kin kinase activity. Sporulation is
consequently delayed. As replication progresses, DnaA-ATP is
converted to DnaA-ADP by the ATPase stimulatory activity of the
replication fork. The result is that DnaA can no longer induce expression
of sda, KinA kinases become active, and sporulation is initiated.
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at origins, and activate transcription at some target genes,
is intimately connected to whether it is in the active, ATP
or inactive ADP-bound form [8]. The nucleotide status
of DnaA is thought to fluctuate in a cell cycle-dependent
manner: the β subunit of DNA polymerase III, which
clamps the polymerase to template during elongation, has
been shown to stimulate DnaA ATPase activity in vitro
[8]. Taken together, these findings suggest that, during
the elongation phase of replication, the ability of DnaA to
activate sda expression is attenuated because replication
decreases the amount of active DnaA. Eventually, after a
threshold amount of active DnaA is no longer maintained,
sda expression drops, and the process of sporulation can
begin (Figure 1).
But does this model explain all of the findings presented
in Burkholder et al. [2]? If, as the model suggests, DnaA
positively regulates Sda expression, then why do muta-
tions in dnaB also result in overexpression of sda? Perhaps,
as the authors suggest in the paper, it is because these
mutations weaken initiation complexes at origins, which
means that less DnaA is sequestered by origins and, conse-
quently, more is available to access sda control regions.
Further investigation into the role that DnaA plays in reg-
ulating sda expression promises to shed light on the inter-
esting problem of how replication status is sensed by the
sporulation machinery. 
Beyond the connection between replication and sporula-
tion, the discovery of Sda as an inhibitor of Kin kinases
raises other interesting issues. For example, there is the
possibility that this pathway is linked to DNA damage.
Bacillus cells that contain damaged chromosomes induce
the SOS response — a complex, graded response to DNA
damage that includes induction of gene products blocking
cell division and promoting mutation, recombination, and
DNA repair — and do not attempt sporulation in response
to starvation signals [4]. The mechanism by which the SOS
response prevents sporulation is not known, but it now
seems that Sda would be an excellent place to start looking.
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